The anlm~Ll usually chosen for studies on the induction of contact sensitivity is the guinea pig. Factors which are considered (1-4)to be indispensable in this animal include the presence for the first 16-24 hr of the area of skin on which the chemical sensitizer is applied, the integrity of the lymphatic pathway, and the presence of the regional lymph node during the first 4 days following application of the sensitizer.
The anlm~Ll usually chosen for studies on the induction of contact sensitivity is the guinea pig. Factors which are considered (1) (2) (3) (4) to be indispensable in this animal include the presence for the first 16-24 hr of the area of skin on which the chemical sensitizer is applied, the integrity of the lymphatic pathway, and the presence of the regional lymph node during the first 4 days following application of the sensitizer.
In contact sensitization it is presumed that the affected area of skin is in some way rendered antigenic and two possibilities have been suggested (5) as to where the initial process of recognition of this antigenicity takes place. The first possibility is that the antigen itself passes via the lymphatics to the draining lymph node and stimulates the lymphocytes therein. The second possibility is that small lymphocytes become sensitized by direct contact with the antigen in the skin before passing to the d~inlng lymph node.
The work of Turk and his associates (6) (7) (8) has stressed the importance of pyroninophilic blast cell proliferation in the paracortical areas of the draining lymph nodes in guinea pigs at the peak. of the induction of sensitization. But interest in the skin has been concentrated on the time of testing when contact sensitivity is known to be established already (9) (10) (11) (12) . Recently, Asherson and Ptak (13) have described a method for measuring contact sensitivity in mice, and in the present paper we have attempted to analyze the processes involved in the induction and recall of contact sensitivity in mice with special emphasis on the role of the thymus-derived lymphocyte. For this purpose we have compared and contrasted the changes in the skin and draining lymph nodes from intact and thymectomlzed mice at the time of sensit~ation to oxazolone and have correlated those changes with the response of the Skin at subsequent testing. Prellmin~ry accounts of some of the changes in the draining lymph nodes during sensitization have been recorded briefly elsewhere (14, 15) ,
Materials and Methods
Animals.--Young adult (2-3 months of age) Charles River Swiss mice and young adult intact and neonatally thymectomized (i.e., thymectomized within 72 hr of birth) C3It/Bi or CBA mice were used.
Sensitization.--A total of 101 intact and thymectomized mice were sensitized by painting both ears after shaving on the outside with 0.02 ml of a 10% solution of 2-phenyl 4-ethoxy methylene 5-oxazolone in absolute alcohol. These mice were killed at various intervals, i.e., 1, 4, 8, and 24 hr, 2, 3, 4, 5, and 7 days after one application of oxazolone.
Testing for Ser~itizati~.--Further groups of intact and thymectomized mice (total 45) were sensitized once or repeatedly with a 10% or, in later experiments, a 3% solution of oxa~l-one applied to the outside of one or both ears. At 11 days after sensitization these mice were tested according to the method of Asherson and Ptak (13) . One drop of a 1% solution of oxazolone in olive oil was applied to both sides of either one or both ears. The thickness of the tested ears was measured with a dial gauge (model Quiektest AD 2T, Carobronze, Ltd., London) before and at 24 and 48 hr after application of the test solution. Three separate measurements were taken of each ear. Unseusitized control mice were included at testing and the groups of mice randomized before measuring. Selected intact and thymectomized mice were killed at various time intervals ranging from 4 to 72 hr after testing.
Histology.--Ears, auricular, mesenteric, inguinal lymph nodes, spleen, and thymus (from intact mice) were fixed in formol saline, embedded in paraffin, and cut at 3-5p; at least 5-10 sections were examined from the ear skin and draining lymph nodes. All the tissues were stained with methyl-green pyronin and some sections of the ear skin and draining lymph nodes were also stained with Meyer's hematoxylin-eosin, Giemsa, toluidine blue, and Fontana.
Autoradiography.--Some of the mice (35) that had been sensitized with one application of oxazolone on both ears received 0.5 gc/g body weight of aH-thymidine (specific activity 12.4 mc//~mole from the Radiochemical Centre, Amersham, Bucks.) intraperitoneally 1-4 hr before death. Mounted sections of tissues from these mice were coated with photographic emulsion (Ilford K5) by the dipping technique (16) , stored at 4°C for 3 wk, and stained through the emulsion after developing.
RESULTS
The results obtained have been grouped into three sections. The first section will consist of a brief description of the normal structure of the mouse ear skin and auricular lymph node. The second section will be solely concerned with the events in the ear skin and draining lymph node (summarized in Table I ) which followed the application of oxazolone dissolved in absolute alcohol in a concentration known to induce sensitivity. The last section will be concerned with the macroscopic and microscopic changes which followed the application of a small test dose of oxazolone dissolved in olive oil to the ears of already sensitized mice.
Structure of the Ear Skin and Auricular Lymph Node before Sensitization
Ear Skin.--The epidermis of the unsensitized ear skin was thin consisting of only one or two cell layers with very few dividing cells. Pilosebaceous units consisting of two or three sebaceous glands opening into the hair canal were seen regularly along the epidermis. The dermis could be divided into an upper layer containing fibroblasts, a network of melanocytes and a few mast cells, and a deep layer of connective tissue.
The interface between the dermis and epidermis was slightly irregular. No obvious difference was seen between the "resting" skin of intact and thymectomized mice.
Auricular Lymph
Node.--The lymph node draining the ear was similar in general arrangement to other mouse lymph nodes which have already been described (17, 18) . It consisted of four major components: the marginal sinus, the nodular area, the thymus-dependent area, and the medulla. The marginal sinus surrounded the cortex and was connected with the medullary sinuses; throughout the experimentsitwas considered that the cellular population of the marginal sinus was equivalent to that in the afferent lymph. The nodular area occupied the peripheral cortical zone and consisted of nodular aggregates of lymphocytes. This auricular lymph node rarely had germinal centres within the nodules prior to local stimulation. The thymus-dependent area, the midcortical area, consisted of large numbers of lymphocytes arranged in a loose, wide sheet rather than in nodular aggregations. Prominent postcapillary venules were found in this area which is identical to that described as paracortical area (6) . The medulla could be subdivided in cords and sinuses; the cords contained lymphocytes and few plasma cells, while a few macrophages, lymphocytes, and mast cells were seen in the sinuses. The cellular populations of the marginal sinus, nodular, and medullary areas in the auricular lymph nodes from thymectomized mice were very similar to those in the intact mice but there were notable differences in the thymus-dependent areas which showed marked depletion of lymphocytes and ill-defined postcapillary venules as already described (14). The first alteration in the skin was the appearance at 4 kr of polymorphs in and around the small capillaries in the dermis. By 8 hr some polymorphs had surrounded the neck of the pilosebaceous units; by 24 hr a severe necrosis of these units had already occurred and small vesicles containing debris were observed ( Fig. 8 ) in their place regularly along the epidermis. Epidermal ceils on either side of the necrotic pilosebaceous units were starting to divide more rapidly as evidenced by the labeling on the autoradiographs. During these early times very few mononuclear ceils were seen and unlike the polymorphs they were neither in nor close to blood vessels.
Between 2 and 4 days the epidermis showed a progressive increase in thickness (acanthosis) which in some cases reached the height of seven or eight cell layers and spongiosis with large numbers of cells in division in the basal layer. Mononuclears were seen penetrating the epidermis (Fig. 9 ), in the dermis the proportion of mononuclears was also increased, most of them within the lymphatics or free in the dermis although a few were seen in the lumen of Mood vessels.
At 5-7 days the epidermis remained acanthotic with large numbers of lymphocytes penetrating the basal cell layer. The number of polymorphs was decreased considerably and the dermis had become quiescent being predominantly made up of fibroblasts. thymectomized mice within 24 hours after application of oxazolone were the same as those seen in intact mice. It was not until later (4-7 days) that clear-cut differences emerged. For, whereas large numbers of mononuclear cells, presumably lymphocytes, were seen penetrating the high epidermis of skin from intact mice virtually none could be found in the similarly acanthotic epidermis of the thymectomized mice. (Fig. 10) .
Changes in the Ear Skin following Multiple Sensitizations with Oxazolone.--
When a second or third sensitizing dose of oxazolone was applied to the same site at intervals of from 1-6 wk between each application the same sequence of events occurred but each was of greater intensity than after a single sensitizing dose and resulted in extensive scabbing, necrosis, and loss of tissue. Again the FIO. 3. Diagrammatic representation of the main histological changes in skin and draining lymph node following one oxazolone application: thymectomized, 24 hr. initial changes in the skin were the same in thymectomized and intact mice. However, at later times (4-7 days) in intact and partially thymectomized anirams the height of the epithelium increased still further and larger numbers of lymphocytes penetrated the acanthotic epidermis, whereas in the neonatally thymectomlzed mice the epidermal cells appeared unable to respond by further division and there were very few lymphocytes within them. Loss of tissue was more extensive in the thymectomized than in intact mice.
Draining Node during the Induction o/ Sensitivity (a) Intact
Mice.--Macroscopic. The auricular node is normally very small. However, following sensitization there was a rapid increase in size reaching a maximum at 3-4 days when the nodes were often three to five times their normal size. They subsequently regressed in size but rarely returned to basal level.
No changes were seen in the lymph node before 24 hr. At 24 hr, large numbers of polymorphs ( Fig. 11 ) and macrophages containing pigment with the staining properties of melanin were found in the marginal and medullary sinuses. By 3 days the numbers of polymorphs in the marginal sinus were reduced leaving smaller numbers of lymphocytes and macrophages. These cells increased in number in the medullary sinuses. A larger spectrum of changes, however, had occurred in the thymus-dependent area. At 2 days there was slight "plugging" of lymphocytes in the lymphatic sinuses crossing the node. This plugging was still present at 3 days and was accompanied by a vast proliferation of large pyroninophilic blast cells (Fig. 12) in the thymus-dependent area; at the same time there was a slight depletion of lymphocytes both in the thymus-dependent area and from the lumen of the postcapillary venules. At 4-7 days the large numbers of large pyroninophilic blast cells in the thymus-dependent areas progressively decreased and both the lymphatic sinuses and postcapillary venules returned to normal. During this time further changes occurred in the nodular cortex; germinal centers developed deep in the nodular areas but right at the periphery of the cortex, small numbers of pyroninophilic blast cells appeared. A small number of blast cells was seen for the first time in the marginal sinus at 5 days with large numbers of lymphocytes. The number of plasma cells in the medullary cords was increased.
(b) Thymectomized Mice.--The draining lymph nodes from neonatally thymectomized mice, painted with oxazolone, unlike those from intact mice, increased very slightly in size reaching a maximum at 5-7 days. On microscopical examination there were profound differences between the response of the nodes from intact and thymectomized mice. At 24 kr there were polymorphs and macrophages in the marginal and medullary sinuses. As previously reported (17) the thymus-dependent area is specifically depleted of lymphocytes and none of the changes which appeared in this area in the intact mice occurred in the thymectomized mice. There was no "plugging" of lymphocytes in the lyre-phatic channels and no proliferation of pyroninophilic blasts. Macrophages loaded with melanin were clearly seen in the cortico-medullary and medullary areas (Fig. 13) . At later times 4-7 days germinal centers did appear though not as large as in intact mice and the number of plasma cells in the medullary cords increased.
Changes in the Draining Lymph Node following Multiple Sensitization Doses of
Oxazolone.--When two or more sensitizing doses of oxazolone were administered to intact mice the numbers of blast cells in the thymus-dependent areas were far less than following primary sensitization although germinal centers increased in size considerably and there was a further increase in numbers of plasma cells. However, even after repeated sensitizing doses of oxazolone there was still no blast cell proliferation in the thymus-dependent area of neonatally thymectomized mice although germinal centers and plasma cells became increasingly more prominent.
Testing for Sensitization
In a preliminary group of experiments, C3H/Bi mice were sensitized by painting one application of 10 % oxazolone in alcohol to the right ear. They were tested for sensitivity on the left ear 11 days later and a significant increase in the thickness of the tested ear resulted 24 hr later (Table II) . Testing of unsensitized mice did not cause ear swelling. Indeed only when the testing procedure was repeated on four or five occasions was sensitization induced by testing doses alone (E. Acton and D. M. V. Parrott, 1968, unpublished observations).
The time course of ear swelling at testing was very similar to that described by Asherson and Ptak (13) and typical of a delayed type reaction. There was a slight swelling at 4 hr which increased to a maximum at 24 hr. This was sometimes maintained at 48 hr but by 72 hr at the latest the ears had returned to pretesting thickness. The tested ear was often hyperemic and warm to the touch at the height of the reaction.
In the second group of experiments neonatally thymectomized as well as intact mice were tested for sensitivity. Oxazolone was painted on both ears of all the mice so as to increase the stimulus and they were tested at 10-12 days. In some of the mice the sensitization and testing procedures were repeated for a second or third time. The intact C3H/Bi mice responded normally with ear swelling which reached maximum at 24 hr (Fig. 5, Table II) . None of the neonatally thymectomized mice responded at all. The sensitization procedure was repeated 39 days later and again the intact mice responded, but not to any greater extent than before, but the thymectomized mice again failed to respond at all (Fig. 5 , Table II ). The mice were sensitized for a third time after a shorter interval of 23 days but this resulted in scabbing of the ear skin by 6 days so that no accurate testing measurements could be made. In some mice there were necrotic changes and loss of tissue and the thymectomized appeared to be more severely affected than the intact mice.
Very similar results were obtained with the CBA mice (Fig. 7, Table II) . The intact mice responded well to the first sensitization and the thymectomized 6 . The same changes which were observed by 24 hr at sensitization, namely polymorph infiltration and vesicle formation, were also prominent in the tested ear skin (Fig. 14) . There was, however, a striking difference in the numbers of small lymphocytes present. Already by 4 hr after testing an increase in small lymphocytes was observed; at 24 hr the numbers of small lymphocytes in the dermis and epidermis were almost [hh equal to the number of polymorphs; but at 72 hr when the swelling had receded there were still larger numbers of small lymphocytes in dermis and epidermis although the particular feature at this time was the frequency with which lymphocytes were observed within the basal layer of the epidermis. All these changes and especially the penetration of epidermal cells by small lymphocytes were exacerbated when the testing site was superimposed on the sensitization site.
TkymectomizeA M{ce.pFig. 6. There was no change in the skin of the thymectomlzed mice at testing (Fig. 15) . There was no polymorph infiltration, no vesicle formation, no lymphocytes whatsoever. The skin remained completely unresponsive.
Lymph Node.--The lymph nodes draining the site of skin testing remained small in both intact and thymectomized mice and there was no evidence of A:Jn cellular response other than a few polymorphs and macrophages in the marginal sinus at 24 hr. DISCUSSION These experiments demonstrate that the ear skin of the mouse is a very suitable site for the study of the cellular processes involved in the initiation and recall of contact sensitivity. Despite the absence of macroscopic change the skin of all mice showed changes on microscopic examination even following a single application of the contact sensitizing agent, oxazolone, which were similar to those observed in man (19) or provoked in guinea pigs by multiple doses of DNCB or by treatment with acanthogenic agents before the application of the eczematogenic agent (20) . Within 24 hr after oxazolone polymorphs were seen invading the pilosebaceous units and this was followed by the formation of micro abscesses resembling vesicles, thus lending support to the view of McCallum (21) that the most vulnerable component is the pllosebaceous unit and not the stratum corneum barrier. The vesicle formation was followed by acanthosis and an increase in mononuclear cell invasion of the dermis and epidermis often penetrating the basal layer of the cells of the epidermis.
INDUCTION AND P,_ECALL IN CONTACT SENSITIVITY
On testing mice for sensitivity, there were obvious macroscopic changes as evidenced by a measurable swelling of the tested ear which reached its maximum at 24-48 hr, thus confirming the observations of Asherson and Ptak (13). The microscopic events followed the same pattern if the site of testing was distant from that of sensitization but more dramatically if the site of sensitization and testing were the same. Mononuclear cells, although forming a much larger proportion of the cellular infiltrate at testing than sensitization did not constitute the majority of infiltrating cells as has been described in man (19) . In the mouse, polymorphs were always more numerous. Nevertheless, our findings provide further evidence of the vital role of the small lymphocyte in all delayed type reactions including contact sensitivity in mice. Of particular relevance to our results is the observation of Turk and Willoughby (22) that contact sensitivity in the guinea pig is suppressed by antilymphocyte antiserum.
Our results on the blast cell proliferation in the draining node of intact mice are very similar to those described by Oort and Turk (6) in the guinea pig. It should be stressed however that in contrast to our findings and those of Davies et al. (23) in mice, Turk (4, personal communication) found no changes in the guinea pig ear skin after one application of oxazolone; thus, the sequence of events following the induction of contact sensitivity in guinea pigs and mice may not necessarily be exactly the same.
It seems reasonable to assume that in these experiments the neonatally thymectomized mice failed to become sensitized and lacked the means to manifest contact sensitivity. There is little doubt that the antigenic stimulus evoked in the skin of both thymectomized and intact mice was the same. Macrophages bearing melanin were very prominent especially in the cortico-medullary junction in the thymectomized mouse lymph nodes showing that some skin components must have reached the draining lymph nodes. The subsequent appearance of germinal centers and plasma cells was evidence of response to some antigenic stimulus. However, we cannot decide on the basis of our experiments where the initial process of sensitization occurred for the thymectomized mice lack lymphocytes both "centrally," i.e., in the thymus-dependent areas of the lymph nodes and also at "peripheral" sites, i.e., in the skin.
The most spectacular difference between the thymectomized and intact mice on first sensitization was in the draining lymph node. If sensitization of lymphocytes can be equated with pyroninophilic blast cell proliferation one is tempted to assume that sensitization must occur principally in the draining node, especially since the lymphoid cell response in the marginal sinus was both trivial and late. Nevertheless, there was a significant difference in the lymphocyte population of the skin between thymectomized and intact mice both in the dermis and penetrating the epidermal basal cell layer, and one cannot, therefore, rule out the possibility of direct sensitization of lymphocytes. The relative importance of the skin and draining node appeared to be reversed on second and successive stimulations in intact mice. Thus the blast cell proliferation in the thymus-dependent area was considerably reduced although the numbers of lymphocytes in the skin were considerably increased.
The problem of where sensitization of the small lymphocyte occurs is also very relevant to transplantation immunity; indeed the idea that the lymphocyte might be sensitized at the periphery was first postulated by Medawar (24) . As in contact sensitivity, the presence of intact lymphatics draining the site of skin graft is necessary for sensitization to occur (25) . The response of blast cell proliferation in the draining node after skin grafting (26) is also very similar to that in contact sensitivity and there is also the same failure of blast cell proliferation in neonatally thymectomized mice (15) . It is therefore logical to consider that similar mechanisms are involved in the process of contact sensitization and sensitization to skin grafts.
Hall (27) has compared the cellular composition of the afferent and efferent lymph of the popliteal lymph node in sheep with homografts of skin on the lower flank. He found that the afferent lymph contained very few lymphocytes but that there was a significant increase in the numbers of macrophages and there was much amorphous debris. The composition of the afferent lymph in the sheep was thus very similar to that of the marginal sinus of lymph nodes from mice in our observations. Large numbers of lymphocytes and blast cells were only seen in the efferent lymph and Hall concludes as do Barker and Billingham (25) that sensitization to skin grafts is the result of skin debris reaching the lymph nodes and that lymphocytes are sensitized therein and not at the periphery. The opposing conclusion was reached by Strober and Gowans (28) on the basis of their observation on kidney transplantation. They concluded that antigenic "debris" was unimportant when compared with the direct sensitization of circulating small lymphocytes. From our observations we conclude that two mechanisms for sensitization exist and their relative importance in any given situation will vary according to factors such as lymphatic drainage and amount of lymphocyte penetration of epithelium.
The last topic of consideration is the origin of the small lymphocytes at the various stages of the sensitization and recall processes. The evidence that the cells in the thymus-dependent area of the lymph nodes of mice sensitized to oxazolone are indeed derived from the thymus has been summarized recently (29) . It seems reasonable also to conclude that the lymphocytes in the dermis and skin immediately after sensitization were also derived from the thymus since they were not present in the neonatally thymectomized mice. The origin of the small lymphocytes which were present in such large numbers in the intact mice at testing but not in the thymectomized mice is less certain. They could be the progeny of sensitized lymphocytes and therefore also originally derived from the thymus although the possibility of their being of bone marrow origin cannot be excluded in view of the recent observations on the origin of cellular infiltrates in delayed type reactions (30) and of experiments on thymus cell-bone marrow cell cooperation in other immune reactions (31, 32) .
SUMMARY
The cellular events in the ear skin and draining lymph node during the induction of contact sensitivity to 2-ethoxy methylene-5-oxazolone (oxazolonc) have been studied in three strains of mice.
The principal findings in the skin during the first 24 hr were invasion of polymorphs and destruction of pilosebaceous units, in both intact and thymectomized mice. Subsequently, the dermal cellular infiltrate increased and there was acanthosis of the epidermis. No lymphocytes were seen in the dermis or penetrating the cpidermal basal cell layer in thymectomizcd mice.
During the first 24 hr in the draining node, polymorphs and macrophages bearing a pigment with staining properties s~milar to melanin were seen in the marginal and medullary sinuses, in intact and thymectom~zed mice. Major differences, however, were revealed du_dng 2--4 days when massive proliferation of large pyroninophilic blast cells occurred in the thymus-dependent area of the nodes from intact mice only.
On testing, there was a prompt, measurable increase in ear thickness only in intact mice. This increase reached a peak at 24 hr --typical of a delayed type reaction. At testing, the ears from intact mice showed epidermal vesiculation and a considerable dermal cellular infiltrate with a substantial number of lymphocytes. This was in contrast with the completely quiescent appearance of the ear skin of thymcctomized mice. Finally, we have discussed the use of the mouse as an experimental tool for studying contact sensitivity and have analyzed the role of the thymus-derived lymphocyte and the site where it becomes sensitized, in the light of current theory on the origin of cells and site where sensitization takes place in cellmediated reactions. Section of thymus-dependent area in lymph node draining the ear removed from intact mouse killed 3 days after one application of 10% oxazolone in absolute alcohol. Note "plugging" of lymphocytes and large numbers of large pyroninophilic blast cells in thymus-dependent area. Original magnification: X 290. Stain: methyl-green pyronin.
FIG . 13 . Section of thymus-dependent area and cortico-medutlary junction ial lymph node draining the ear removed from thymectomized mouse killed 5 days after one application of 10% oxazolone in absolute alcohol. Note the depletion of lymphocytes in thymus-dependent area and the presence of numerous macrophages containing melanin both in medulla and cortico-medullary junction. Original magnification: X 290. Stain: fontana. 
